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Background
Obesity has become a worldwide health concern. The prevalence of obese adults in the United States of America has risen significantly over the last decade to 35% [1] . Bariatric surgery and complications associated with bariatric surgery are becoming increasingly frequent [2] . Obese patients represent a specific population in the intensive care unit [3] . Atelectasis formation is increased in obese patients, because of the negative effects of thoracic wall weight and abdominal fat mass on pulmonary compliance, leading to decreased functional residual capacity (FRC) and arterial oxygenation. These atelectases are further exacerbated by a supine position and further worsened after general anesthesia and mechanical ventilation. Atelectases contribute to hypoxemia during mechanical ventilation and after weaning from mechanical ventilation. More importantly, they persist after extubation in the obese patient in comparison with full resolution in non-obese patients [4] , leading to pulmonary infections. Moreover, obese patients often present comorbidities, such as obstructive apnea syndrome or obesity hypoventilation syndrome. Obesity is a major risk factor for obstructive apnea syndrome (30 to 70% of subjects with obstructive apnea syndrome are obese). Many complications of respiratory care are directly related to the obstructive apnea syndrome: difficult airway management including difficult mask ventilation, difficult intubation and obstruction of the upper airway. The repetitive occurrence of rapid eye movement (REM) sleep, hypoventilation or obstructive sleep apnea with long-lasting apnea and hypopnea induces a secondary depression of respiratory drive with daytime hypercapnia, leading to obesity hypoventilation syndrome. Obesity hypoventilation syndrome is defined as a combination of obesity (body mass index [BMI] ≥ 30 kg/m 2 ), daytime hypercapnia (PaCO 2 > 45 mm Hg), and disordered breathing during sleep (after ruling out other disorders that might cause alveolar hypoventilation) [5] .
However, while obesity contributes to many diseases and is associated with higher all-cause mortality in the general population [6] , obesity and mortality in the intensive care unit (ICU) are inversely associated as shown by meta-analyses [7, 8] . The "obesity paradox" phenomenon has recently become apparent in the ICU [9] . In particular, acute respiratory distress syndrome (ARDS) in obese patients, in whom diaphragmatic function is challenging, has a lower mortality risk when compared with non-obese patients [10, 11] .
Obese patients can be admitted in a critical care setting for de novo acute respiratory failure, 'acute-on-chronic' respiratory failure with an underlying disease, such as an obesity hypoventilation syndrome, or in the perioperative period. The main challenges for ICU clinicians are to take into account the pulmonary pathophysiological specificities of the obese patient (detailed in Table 1 ) to optimize airway management and non-invasive or invasive mechanical ventilation.
increased oxygen consumption and increased work of breathing, especially when there is an associated obesity hypoventilation syndrome, including a decreased respiratory drive [13] . In several studies, the spontaneous breath rate was from 15 to 21 breaths per minute in morbidly obese patients (BMI > 40 kg/m 2 ), whereas it was close to 10 to 12 in non-obese patients [14] . Moreover, abdominal pressure is increased because of increased abdominal and visceral adipose tissue deposition. The capacity of the chest is reduced compared to non-obese individuals, because the diaphragm is passively pushed cranially. Obese patients have decreased pulmonary and thoracic compliance, a reduction in FRC, and an increased work of breathing, compared to non-obese patients [15] . Airway resistance is increased, but not after normalization to the lung volume. The main change remains the decreased FRC, leading to more frequent atelectasis in obese than in non-obese patients after ventilation. Finally, as mentioned earlier, obesity is a major risk factor for obstructive apnea syndrome.
Noninvasive respiratory management

Non-invasive ventilation
Non-invasive ventilation (NIV) may be applied to avoid intubation in obese patients with acute respiratory failure, without delaying intubation if needed. In hypercapnic obese patients, higher positive end-expiratory pressure (PEEP) might be used for longer periods to reduce the hypercapnia level below 50 mmHg [16] . NIV is as efficient in patients with obesity hypoventilation syndrome as in patients with chronic obstructive pulmonary disease (COPD), in case of acute hypercapnic respiratory failure [17] .
High-flow nasal cannula oxygen
High flow nasal cannula oxygen (HFNC) could be particularly interesting in obese patients. HNFC permits continuously humidified and warmed oxygen to be delivered through nasal cannula, with an adjustable fraction of inspired oxygen (FiO 2 ). The flow administered can reach 60 l/min with 100% FiO 2 [18] . A moderate level of PEEP has been measured with this device [18] when the patient breaths with a closed mouth. In case of hypoxemia, HNFC could be performed between sessions of NIV.
Positioning
Optimization of body position can enhance respiratory function in patients requiring mechanical ventilation. In healthy spontaneously breathing obese subjects, a significant reduction in pulmonary compliance was shown in the supine position [19] . A sitting position should therefore be privilegied in case of respiratory failure.
Airway management
Pre-oxygenation Facial mask
Following pre-oxygenation, there is a reduction in the non-hypoxic apnea time (length of apnea following anesthetic induction during which the patient has no oxygen desaturation) in obese patients [20] . Using classic bag-mask ventilation as a method of pre-oxygenation, desaturation during intubation thus occurs within 3 min on average, sometimes less than one minute in severe obesity. The end-expiratory volume is reduced by 69% after anesthetic induction in the supine position, compared with baseline values [21] . The main cause of this rapid desaturation is the decrease in the FRC.
Non-invasive ventilation
Using a PEEP of 10 cmH 2 O during pre-oxygenation is associated with a reduced atelectasis surface, improved 5. Blood gas exchange -↗ oxygen consumption -↗ carbon dioxide production 6. Comorbidities -Obstructive apnea syndrome -Obesity hypoventilation syndrome oxygenation and increased time of apnea without hypoxemia by one minute on average [22] . Pre-oxygenation of 5 min with NIV, associating pressure support (PS) and PEEP, permits an exhaled fraction of oxygen (FeO 2 ) > 90% to be reached more quickly [23] . In another study, the use of NIV limited the decrease in pulmonary volume and improved oxygenation compared to conventional preoxygenation with a face mask [24] . Continuous positive airway pressure (CPAP) or NIV are therefore the reference pre-oxygenation methods ( Fig. 1 ).
High-flow nasal cannula oxygen
HFNC may also be considered for pre-oxygenation of obese patients, including apneic oxygenation, enabling oxygen to be delivered during the apnea period ( Fig. 1 ). This is particularly important in case of rapid sequence induction (RSI), where the obese patient does not receive oxygen between removal of the NIV mask and adequate positioning of the tracheal tube into the trachea.
Positioning
A sitting position during pre-oxygenation may decrease positional flow limitation and air trapping, limiting atelectasis and increasing oxygen desaturation during the intubation procedure ( Fig. 1 ).
Intubation
Obesity and obstructive apnea syndrome, and a fortiori the combination of both, are risk factors for difficult intubation and difficult mask ventilation [3, 25] . Age > 55 years old, BMI > 26 kg/m 2 , snoring, beard and lack of teeth are independent risk factors for difficult mask ventilation. Most of these factors are directly related to obesity. In the same way, tracheal intubation is more difficult in obese patients with obstructive apnea syndrome, with an incidence close to 15 to 20% (versus 2 to 5% in the general population), and associated with the severity of the obstructive apnea syndrome [26] . A recent study reported an increase in the incidence of difficult intubation in obese patients [3] . Moreover, in this study, elevated Mallampati score, limited mouth opening, reduced cervical mobility, presence of an obstructive apnea syndrome, coma and severe hypoxemia (risk factors included in the MACOCHA score [27] ) were associated with difficult intubation in obese patients. Each intubation in a morbidly obese patient should be considered as difficult, and adequate preparation following an algorithm for difficult intubation performed (Fig. 1) . Videolaryngoscopes are of particular interest in obese patients [28] and their use should be particularly emphasized when additional risk factors for difficult intubation are present.
Extubation
Obese patients are particularly at risk of post-extubation stridor [29] . A cuff-leak test [30] should be systematically performed in these patients, and in case of suspicion of laryngeal edema, prevention of stridor could be performed using a protocol of intravenous steroid administration, at least four hours before extubation, in the absence of contraindications [31] .
Mechanical ventilation
Protective ventilation Tidal volume
In patients with pulmonary lesions, such as ARDS, the benefits of ventilation with low tidal volumes (6 ml/kg) has been widely demonstrated [32] . Since 2010, protective perioperative ventilation has been studied more closely. In the setting of abdominal surgery, the IM-PROVE multicenter, randomized, double-blinded study [33] , compared an "optimized" strategy of ventilation called "protective ventilation" (tidal volume 6-8 ml/kg of ideal body weight [IBW], PEEP 6-8 cmH 2 O, systematic alveolar recruitment maneuvers every 30 min) with a "traditional" strategy called "non-protective ventilation" (tidal volume 10-12 ml/kg of IBW, without PEEP or recruitment maneuvers). The included patients had a moderate risk of postoperative pulmonary complications. Patients with a BMI > 40 kg/m 2 were excluded. The main endpoint was a composite criterion including the onset of pulmonary complications (pulmonary infections or need for ventilation) and/or extrapulmonary complications (sepsis, septic shock, death) diagnosed by an observer blinded to the perioperative ventilator settings. Protective ventilation enabled a decrease in the global rate of complications from 27.5% to 10.5% and in the length of hospitalization by two days. In the randomized European PROVHILO study [34] including patients at risk of postoperative pulmonary complications after abdominal surgery, two ventilation strategies were compared. All the patients received a tidal volume of 8 ml/kg of IBW and were randomized into two groups: one group with low PEEP (≤2 cmH 2 O) without recruitment maneuvers and a group with high PEEP (12 cmH 2 O) with recruitment maneuvers. There was no significant difference between the two groups for the main endpoint, which was a composite of postoperative pulmonary complications in the five first days following surgery. There were significantly more cases of hemodynamic failure in the group with high PEEP. These two large randomized studies are complementary: while the first showed the usefulness of protective ventilation to decrease pulmonary and extrapulmonary postoperative complications, the second warns against the hemodynamic dangers of excessively high levels of PEEP for all patients, in particular when high PEEP levels are not associated with low tidal volume.
In obese patients, particularly at risk of atelectasis, the same rules can be applied. In spite of these recommendations, a recent study showed that obese patients were still ventilated in the perioperative period with tidal volumes that were too high [35] . In obese as in non-obese patients, the optimal tidal volume is between 6 to 8 ml/ kg of IBW associated with PEEP to avoid atelectasis by alveolar closing (derecruitment). The tidal volume setting must be guided by the patient's height and not by his/her measured weight. The easiest formula for calculation of IBW to remember is the following: IBM (kg) = height (cm) − 100 for a man and height (cm) − 110 for a woman.
Positive end-expiratory pressure
Given their decreased FRC, obese patients are more sensitive than non-obese patients to atelectasis and lack of PEEP. In several studies specifically performed in obese patients, respiratory mechanics and alveolar recruitment have been shown to be significantly improved by application of PEEP (improvement in compliance and decreased inspiratory resistance), as has gas exchange [36] . Moreover, the PEEP levels used help prevent derecruitment (alveolar closing) due to FRC decrease, but do not open alveoli once they are collapsed. It is consequently better to apply, from the start of mechanical ventilation and during the whole period of ventilation, a PEEP of 10 Fig. 1 Suggested airway and ventilation management algorithm in the obese patient in the intensive care unit. During the whole procedure, the patient should be ventilated in case of desaturation < 80%. In case of non-adequate ventilation and unsuccessful intubation, emergency non-invasive airway ventilation (supraglottic airway) must be used. *In case of difficult intubation (multiple attempts), follow an intubation airway algorithm nonspecific to obese patients (for example see [50] ). PEEP: positive end-expiratory pressure; PSV: pressure support ventilation cmH 2 O associated with a tidal volume of 6 to 8 ml/kg of IBW [24, 37] . However, it is necessary to remain on guard and always assess the hemodynamic effects of high PEEP: risk of decreased oxygenation because of an impact on cardiac flow and of hypotension because of compromised venous drainage. In case of auto-PEEP, application of a PEEP will depend on the presence or not of a limitation in expiratory flow because of airway collapse during expiration. If this phenomenon exists, an extrinsic PEEP of 2/3 of the intrinsic PEEP should be applied.
The optimal level of PEEP in obese patients and the best means of titrating PEEP are still unknown. Some obese patients may benefit from higher levels of PEEP than others. Measuring transdiaphragmatic pressure seems crucial to determine the maximum pressure minimizing alveolar damage, taking into account that the plateau pressure is related to both transthoracic and transalveolar pressures.
Recruitment maneuvers
To open alveoli once they are closed, recruitment maneuvers should be used, transitorily increasing the transpulmonary pressure. The impact of these maneuvers in the obese patient has been shown to improve arterial oxygenation and available lung volume [24] .
The best recruitment maneuver has not been determined in the obese patient. Recruitment maneuvers are mandatory to fully reopen the lung after anesthesia induction and a PEEP must be applied to prevent the progressive closing of the lung leading to atelectasis. The optimal level of PEEP during protective ventilation remains to be determined, but many physiological studies suggest that PEEP levels of at least 5 cmH 2 O are necessary, in particular in obese patients. Levels of pressure needed to open the alveoli seem to be higher than in the non-obese patient, mostly because of the increased transthoracic pressure. Questions persist regarding the type of recruitment maneuver to recommend. The reference method is an expiratory pause with a PEEP level of 40 cmH 2 O during 40 s, but many alternatives exist, including progressive increase in PEEP until 20 cmH 2 O with a constant tidal volume within 35 cmH 2 O of plateau pressure, or a progressive increase in the tidal volume [38] . These recruitment maneuvers can be performed only if they are hemodynamically well tolerated. The ideal frequency for recruitment maneuvers has still not been determined.
Driving pressure
Driving pressure is the difference between inspiratory plateau pressure and end-expiratory pressure. The concept of driving pressure assumes that functional lung size is better quantified by compliance than by predicted body weight. This concept explains why ventilator-induced lung injury (VILI), cyclic strain and survival may be better correlated with driving pressure than with tidal volume. Lower levels of driving pressure have been found to be associated with increased survival in ICU patients [39] . The ventilatory setting during mechanical ventilation, especially in obese patients, should be set to minimize driving pressure.
Respiratory rate
Concerning the setting or respiratory rate, obese patients have an excess production of CO 2 , because of their increased oxygen consumption and increased work of breathing, especially when there is an associated obesity hypoventilation syndrome, with a decreased respiratory drive [13] . In four studies, the spontaneous breath rate was from 15 to 21 breaths per minute in morbidly obese patients (BMI > 40 kg/m 2 ), whereas it was close to 10 to 12 in non-obese patients [14] . Ventilation should, therefore, be adapted, essentially increasing breath rate.
Ventilatory mode
Which ventilator mode is better in obese patients? The pressure modes deliver a constant pressure in the airway, decreasing the risk of barotrauma, with an insufflating pressure set at less than 30 cmH 2 O. In case of increase in airway resistance (bronchospasm, obstructed tube) or decrease in compliance of the respiratory system (obesity, atelectasis, selective intubation, surgical pneumoperitoneum, pneumothorax …), the tidal volume decreases, leading to hypercapnia acidosis if alveolar ventilation is too low. It is consequently important to carefully check tidal volume, minute ventilation and capnography when using a pressure mode. The use of a volume mode carries the risk of an increase in the insufflation pressure to deliver the required tidal volume (risk of barotrauma), hence the importance of checking the alveolar pressure at the end of inspiration, i. e., the plateau pressure.
In obese patients, some teams recommend the pressure controlled mode because the decelerating flow should allow a better distribution of the flow in the alveoli. However, studies comparing the two ventilatory modes report contradictory data: discordances can be explained by the different inclusion criteria and the methodological limitations of the studies [40] . In practice, the advantages and inconveniences of each mode must be known and the ventilatory mode that the physician prefers used.
Pressure support ventilation (PSV) seems very interesting in obese patients. In obese piglets, it was shown that PSV improved oxygenation and decreased inflammation [41] . In the obese patient, postoperative pulmonary complications were decreased by the use of PSV compared to pressure controlled ventilation [42] . In anesthesia as in the ICU, in obese ventilated patients, the scientific evidence is still weak and future studies are necessary to compare PSV, new ventilatory modes, such as neurally-adjusted ventilatory assist (NAVA), adaptive support ventilation (ASV), and proportional assist ventilation (PAV), with conventional pressure or volume controlled modes.
Positioning
In the supine position, positional flow limitation and air trapping impedes respiratory management particularly in obese patients [43] . A sitting position during mechanical ventilation is therefore advised. Prone positioning in obese ARDS patients enables an improvement in the partial arterial pressure of oxygen (PaO 2 )/FiO 2 ratio more than in the non-obese patient, and is not associated with more complications [10] .
Weaning from mechanical ventilation
A recent physiological study specifically investigated the inspiratory effort during weaning of mechanical ventilation in a population of critically ill, morbidly obese patients [44] . The main result of this study was that for obese patients, T-piece and PSV 0 + PEEP 0 cmH 2 O weaning tests were the tests that best predicted postextubation inspiratory effort and work of breathing ( [44] ; Fig. 1 ). Following extubation, positive protective ventilation should be pursued, both in the ICU and in the recovery room. Postoperative CPAP or NIV might be extended to all obese patients, even those without obstructive apnea syndrome.
Specific settings
Acute-on-chronic respiratory failure Prevention of relapses of acute-on-chronic respiratory failure are essential and should be ensured by the intensivist. Positive airway pressure therapies can be implemented in the ICU and continued at home, with the support of home therapists. Sleep-related breathing disorders, including obesity hypoventilation syndrome, should be followed by a specialist after ICU discharge, ideally in the setting of a multidisciplinary obesity team.
Perioperative management
In obese patients with obstructive apnea syndrome, nocturnal CPAP should be initiated before surgery, especially if the apnea hypopnea index (AHI) is more than 30 events per hour or if there is severe cardiovascular comorbidity. If CPAP or NIV were used prior to surgery, they should be pursued throughout the perioperative period, including the postoperative period.
The risk factors for postoperative respiratory failure include the severity of obstructive apnea syndrome, the intravenous administration of opioids, the use of sedatives, the site (close to the diaphragm) and the invasive nature of the surgical procedure, and the apnea onset during paradoxical sleep on the third or fourth postoperative day.
Some postoperative interventions that can decrease the risk of respiratory failure are a postoperative analgesia strategy sparing opioids, oxygenation by CPAP or NIV, careful patient positioning and monitoring. CPAP or NIV must be resumed in the recovery room [45] . Compliance to CPAP or NIV will be better if the patients bring their own equipment to the hospital. In case of frequent or severe hypoxemias, start of CPAP or NIV should not be delayed. If possible, the supine position should be avoided in patients with an obstructive apnea syndrome at risk of postoperative pulmonary complications, and a sitting position adopted. The prophylactic application of NIV after extubation decreases the risk of acute respiratory failure by 16% and reduces length of stay [45] . Moreover, in obese hypercapnic patients, the use of NIV following extubation is associated with decreased mortality [46] . A randomized controlled trial performed in morbidly obese patients after bariatric surgery reported an improvement in ventilatory function when CPAP was immediately implemented after extubation compared to CPAP started 30 min following extubation [47] . Hence, NIV associating pressure support and PEEP or CPAP alone must be used liberally in the postoperative period, in order to reduce the aggravation of atelectasis, a long period of oxygen dependence and consequently the patients' length of stay in the post-surgical unit and in the hospital [45] . Among patients with hypoxemic respiratory failure following abdominal surgery, use of NIV compared with standard oxygen therapy reduced the risk of tracheal reintubation within 7 days [48] . These findings support the use of NIV in this setting.
Oxygen supplementation should be administered continuously to all patients with obstructive apnea syndrome at increased perioperative risk until they are able to maintain their baseline oxygen saturation on ambient air; oxygen saturations should be monitored after leaving the recovery room [49] .
Respiratory physiotherapy and patient education of exercises, such as incentive spirometry or high volume respiration, also limit the reduction in lung volume induced by surgery.
Conclusion
Obese patients admitted to the ICU are at risk of atelectasis, which is associated with pulmonary complications. NIV can be safely and efficiently used to prevent and/or treat acute respiratory failure, without delaying intubation if needed. HNFC enable continuously humidified and warmed oxygen to be delivered through nasal cannula, with an adjustable FiO 2 , with a flow reaching 60 l/ min and providing a moderate level of PEEP. Because of the increased incidence of difficult mask ventilation and intubation in obese patients, a protocol of difficult airway-management should be systematically applied to prevent the complications related to the intubation-procedure (severe hypoxemia, arterial hypotension and cardiac arrest). Pre-oxygenation should be optimized using positive-pressure ventilation (CPAP or NIV) in a semisitting position, eventually added to apneic oxygenation using HFNC in the more severely obese patients. After tracheal intubation, to avoid both baro-volutrauma and atelecto-biotrauma, association of low tidal volume, moderate to high PEEP and recruitment maneuvers (lung protective ventilation) should be applied. The height of the lung being correlated to the height of the patient, tidal volume should be set according to IBW and not actual body weight, between 6 and 8 ml/kg IBW. In patients with ARDS, prone position is a safe procedure which permits respiratory mechanic improvements and oxygenation. Obstructive-apnea syndrome and obesity-hypoventilation syndrome should be investigated to introduce appropriate treatment, including implementation of positive airway pressure at home.
